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new project is planned to develop RAFM steels for TBM application. Here, current status of high temperature 
alloy development for Gen-IV and TBM applications in Korea is introduced.  
2. Development and characterization of FM steel 
The FM steels are being primarily considered as materials for the cladding tubes of the SFR due to their 
excellent irradiation resistance to void swelling, but are well known to exhibit an abrupt loss of creep and 
tensile strengths at temperatures above 600oC. Hence, R&D activities on the FM steels are focused on the 
improvement of high temperature mechanical properties. To meet these goals, the minor alloying elements such 
as V, Ti, C and N were added into the experimental FM steel samples, and a laboratory scale 30 kg ingot for 
each composition was manufactured by vacuum induction melting. The ingots were hot rolled at 1150°C to 
plates of 15 mm in thickness and then were normalized at 1150°C for 1 hour, followed by tempering at 750°C 
for 2 hours.  
Tensile test results at 650°C are shown in Figure 1(a). Among the samples, about 12 new alloys with a basic 
composition of 9Cr-2W showed higher yield and tensile strengths than those of Gr.92 steel. Especially B206 
alloy has the highest yield and tensile strengths. Creep tests were also carried out at 650oC under constant load 
conditions from 120 to 150 MPa. About 10 new alloys showed higher creep rupture strength than that of Gr.92 
steel (Figure 1(b)). Especially B206 and B207 alloys exhibited higher creep rupture time. From the creep 
rupture strength of new FM steels at 650°C, creep rupture strength at 50,000 hours was estimated by using the 
Larson-Miller parameter. The creep rupture strengths thus estimated are 93MPa, 84MPa, and 69MPa for B207, 
Gr.92 and HT9 steels, respectively.  
 
(a)        (b) 
Fig. 1. Out-of-pile test results of experimental FM steel samples. (a) tensile test results and (b) creep rupture time at 650oC. 
3. Development of Fe-base ODS alloys  
Fe-base ODS alloys are being considered as one of promising candidate in-core structural materials in a 
commercial SFR in the future. Until now, we have developed 12Cr ODS steels and their out-of-pile tests are in 
progress. Figure 2 shows the creep curves of 12Cr-ODS steel specimens at 700oC. Under the applied stresses of 
90, 80 and 70 MPa, steady state creep rates were found to be 3.0×10-10/s, 2.05×10-10/s and 1.96×10-10/s, 
respectively. The 12Cr ODS steel tube with a dimension of 10 mm in outer diameter, 1.0 mm in wall thickness 
and 800 mm in length was fabricated (Figure 3). Materials characterization and out-of-pile tests for the tube are 
being carried out. In early 2012, a systematic and intensive research project is scheduled to begin, aiming at 
developing advanced ODS steels. The development of special joining technologies between FM-ODS and 
ODS-ODS steels is also included in this project. 
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5. Development of ceramic and composite for future nuclear system 
Higher operating temperatures and harsher environmental conditions in future nuclear energy systems 
demand refractory engineering materials with superior radiation-resistance. Among various heat-resistant 
ceramics, silicon carbide (SiC)-based ceramics and their composites have extensively been studied for fusion 
and advanced fission energy systems, due to the excellent high temperature properties, irradiation tolerance, 
inherent low activation and other superior physical/chemical properties. In the VHTR system, SiC is being 
utilized as a coating layer of TRISO particle fuel. In addition, SiC ceramics can be used as in-core structural 
materials for control rod sheath and intermediate/process heat exchanger components. 
The TRISO-coated particle fuel of VHTR system consists of UO2 microspheres coated with layers of 
porous pyrolytic carbon (porous PyC), inner dense PyC (IPyC), SiC and outer dense PyC (OPyC) as shown in 
Figure 5. Among the TRISO coating layers the SiC layer is particularly important because it acts as a diffusion 
barrier to gaseous and metallic fission products and as a miniature pressure vessel for the particle. We have 
successfully developed the coating technology for the TRISO particle fuel using a fluidized-bed chemical vapor 
deposition (FBCVD) method. We have controlled various process conditions such as the gas flow rate, 
concentration of the coating gas, coating temperature to optimize the properties of coating layers and are now 
planning irradiation experiments of the particle fuel. 
 
 
Fig. 5. SEM and optical microstructures of TRISO-coated particle fuel developed in KAER. 
For the application of structural components of advanced nuclear energy systems, we are also developing 
SiCf/SiC composites. Among the various fabrication methods of the SiCf/SiC composites, the chemical vapor 
infiltration (CVI) process is the most commonly used method which can produce a high quality SiC matrix. 
The conventional CVI process, however, takes a long process time and results in large pores in the 
interbundle/interlaminar regions, causing a degradation of the mechanical and thermal performances of the 
SiCf/SiC composites. To obtain a dense composite in a shorter process time, we have developed a novel 
process called whisker growing assisted CVI (WA-CVI) process. In the process, SiC deposits with high aspect 
ratios such as whiskers, nanowires and nanorods are introduced into the fiber preform before the matrix 
infiltration step as shown in Figure 6(a). The composite fabricated by the WA-CVI process also had a higher 
mechanical property than the conventional CVI composite (Figure 6(b)). 
 
Fig. 6. SEM microstructure of (a) SiC nanowires grown in the SiC fiber preform and (b) flexural strength of conventional and WA-CVI 
composites. 
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6. Current activities on VHTR materials  
A project called “Development of Key Technologies for Nuclear Hydrogen using a very high temperature 
gas cooled reactor (VHTR)”, which includes selections, modifications and property evaluations of structural 
materials for very high temperatures and a coupled thermo-chemical process, has been performed since 2006. 
The major areas of the work on the development of these materials covered by this project are as follows: (1) 
material screening/selection and qualification for a reactor pressure vessel (RPV), an IHX, core structures, and 
process heat exchanger materials for a SI system based on their high temperature properties, irradiation 
behaviors, a corrosion resistance and a manufacturability; (2) codifications of the relevant high temperature 
structural design rules; (3) material characterizations and a database establishment. Candidate materials are a) 
9Cr-1Mo for a RPV, b) alloy 617 for an IHX and hot gas duct, c) Cf/C and SiCf/SiC composite for a control 
rod and core components, d) graphite for a reflector and support structures in the core region and e) Fe-Si, SiC, 
Hastelloy, novel metals etc. for the SI process reactor. Figure 7 shows some results of our current works. Our 
current works are focusing on the experimental studies of the creep and the fatigue behaviors of alloy 617 in 
the air and helium environments, SAW welding and irradiation test of 230mm-thick Mod 9Cr-1Mo steel 
forging, an evaluation of the oxidation behavior and the property degradation of carbon composites in He 
environment with minor impurties, an understanding the oxidation behaviors and the ion accelerator irradiation 
tests of graphite, and an analysis of the corrosion behaviors of SiC and Ni-Si for PHE materials. All works are 
being carried out as multi-lateral GIF VHTR materials collaborations.  
 
 
Fig. 7. Current experimental results for VHTR materials : (a) Welded 9Cr-1Mo steel with a thickness of 230 mm, (b) Creep rupture of 
A617 at 900oC with 25 MPa in an air and He environment and (c) oxidation behaviors of C/C composites in an air. 
7. Simulation of radiation damage 
It is difficult to predict the behavior of structural materials under severe environments. In addition to 
exposure to high temperatures and corrosive environments, alloys must withstand a high level of various 
radiation including neutrons, charged particles and photons. After irradiation, material properties are degraded 
due to the alteration of microstructure and microchemistry. Such alterations often become the life-limiting 
determinants of the structural components. Most of the work in tackling this problem was empirical but, over 
the last few decades, computer simulation methods have been a focal point. Recent innovations in 
computational modeling provide a basis for developing a multiscale model for radiation damage. In this 
section, we present an example of simulation work related to the materials behavior in the irradiation 
environments.  
The swelling resistance of FM steels at elevated temperatures has increased the interest in their use as 
structural materials for Gen-IV reactor systems. It would be interesting to investigate the role of Cr atoms in 
Fe-Cr model alloys, which are regarded as base binary ones for FM steels. We have applied the Metropolis 
Monte Carlo (MMC) methods for predicting the equilibrium state of Fe-Cr alloys, in which the Fe-Cr 
interatomic potentials, developed by Olsson [5] were used to describe the interactions among Fe, Cr and 
vacancies. From the MMC simulation, we found that Cr atoms tend to gather together without any vacancy. 
Although the structure of a Cr cluster is not a complete precipitate, this cluster takes a transitional form which 
494mm
60mm
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lies between the molecules and the bulk matter. Figure 8 shows the Cr-Cr radial distribution function for the 
Fe-9Cr alloy before and after the MMC simulations, which represents the clustering of Cr atoms. The tendency 
to resist the formation of a Cr-vacancy complex is of significance in that binary Fe-Cr alloys reveal low 
swelling under irradiation [6]. It is believed that such computational modeling approach can make a 
contribution to understanding the materials behaviors without resort the experimentation. 
 
Fig. 8. Cr-Cr radial distribution function for the Fe-9Cr alloy obtained from the MMC simulations. It is assumed that initially the Cr atoms 
are distributed randomly. 
8. Plan for RAFM development 
A long-term R&D program toward RAFM steels for Korean TBM applications has been planned and is 
expected to begin early 2012. The program aims at developing new RAFM steels with superior high 
temperature performance. According to the program, several batches of 9Cr-based candidate alloy 
compositions will be designed and a lab-scale 30 Kg ingot for each composition will be fabricated by a process 
of vacuum induction melting and hot rolling. Out-of-pile tests will be carried out to select final candidate alloy 
compositions for in-pile tests. In-pile tests of candidate RAFM steel samples will be planned by using 
HANARO. On the basis of out-of-pile and in-pile tests, final candidate alloy composition will be determined, 
and then the pilot-scale ingots will be fabricated to make a TBM mock-up.  
9. Summary   
R&D activities on high temperature alloy for future nuclear applications could be summarized to realize the 
Gen-IV reactor systems with enhanced economics and improved safety. The overall road map for future 
nuclear material development is planned to coincide well with the R&D programs for Gen-IV reactor systems. 
Recently, a systematic R&D program on high temperature alloys for Gen-IV is being established in Korea. The 
main goal of the program is to develop challenging and innovative high temperature materials and technology. 
Main target materials are FM and ODS steels as in-core structural materials for SFR and Ni-base ODS alloys as 
intermediate heat exchange materials for VHTR. Main target technologies are the fabrication technology for 
SiC/SiC composites as control rod guide tubes and special joining technology of structural components. In 
addition, a long-term program to develop RAFM steel for Korean TBM applications is scheduled to begin early 
2012 in accordance with the ITER development program. During these programs, an international cooperation 
research is highly welcomed.  
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